Abstract It is debatable whether high-flexion (HF) total knee arthroplasty (TKA) designs will improve postoperative flexion and function or will diminish the need for manipulation under anaesthesia (MUA). We retrospectively analysed range of motion (ROM), flexion, Knee Society Score (KSS), and rate of MUA in a consecutive group of patients who underwent TKA with a conventional posterior stabilised (PS) insert or an HF insert using identical surgical technique, implant design, and postoperative care. Fifty TKAs with a standard PS insert were matched for patient's age, gender, preoperative ROM, and KSS with 50 TKA performed with an HF insert. The patient's ROM and KSS were evaluated at six weeks, four months, and one year postoperatively. The outcome variables (flexion, ROM, KSS, and manipulation rate) in both groups were compared using the generalised estimating equations method. A second analysis of patients with preoperative flexion ≥120°was performed. The ROM, flexion, and patient-reported KSS was similar in both groups at each time period. The rate of MUA was also similar. Patients with a preoperative ROM of at least 120°showed similar results. Our study found that one year after surgery, patients who underwent TKA with a PS or an HF insert achieved similar flexion, ROM, and function.
Introduction
Since the introduction of modern total knee arthroplasty (TKA), there have been substantial improvements in anaesthesia, surgical technique, prosthetic design, and perioperative care in an attempt to diminish perioperative complications, accelerate recovery, and improve postoperative function. Among the early complications of surgery, stiffness remains a serious concern. In an analysis of seven studies reporting the results of 16,299 primary TKAs, manipulation under anaesthesia (MUA) was required in 4.5% of patients [5, 12, 16, 19, 30, 36, 40] . Postoperative range of motion (ROM) is influenced by preoperative, intraoperative, and postoperative factors [7] . There has been a recent interest in the development and use of TKA designs capable of accommodating the kinematics of high flexion [2, 10, 26, 35, 37] . The design features that have been introduced in the high-flexion (HF) knee replacements include changes in the geometry of the polyethylene insert [2, 18] with or without changes in the femoral component [10, 35, 37] . The design changes aim at facilitating flexion by improving the TKA kinematics in high flexion. It remains debatable whether the design changes in the so called HF TKA will not only facilitate but also increase postoperative flexion and diminish the manipulation rate [1, 8, 10, 14, 17, 18, 22, 27, 29, 37] .
The aim of this study was to answer the following research questions: Are the ROM, flexion, Knee Society Score (KSS) [11] , and manipulation rate different in patients who undergo TKA surgery with a standard posterior stabilised (PS) insert or an HF design?
Material and methods
This study received institutional review board approval. We retrospectively reviewed office and hospital charts and preand postoperative radiographs of all patients receiving a primary TKA by the senior author (AGDV). There were 135 patients who underwent 154 primary TKAs between 23 January 2006 and 25 January 2008. Bilateral surgery was performed in 19 of the 133 patients (11 patients had a single-stage bilateral and eight patients had staged bilateral surgery). In all but two patients (two knees), the author used the same prosthetic design (Genesis 2, Smith and Nephew, Memphis, TN, USA). A different prosthetic design was used in only two patients (two knees) who presented with a severe, fixed valgus deformity. They received stemmed, constrained TKAs of a different design and were not included in the analysis.
The Genesis 2 prosthetic design includes a femoral component with symmetrical posterior condyles and an asymmetrical tibial tray. The tray and the femoral component accept a standard PS insert, an HF insert, and a constrained (CCK) insert that can be selected during surgery based on the surgeon's preference and the joint stability. The polyethylene in the HF design has been trimmed in the anterior portion of the insert and the post to increase clearance of the extensor mechanism in high flexion. In addition, a lowered posterior lip reduces contact stresses and edge loading in deep flexion while moving the flexion contact point anterior and distal to the proximal edge of the posterior condyles. The polyethylene has also been trimmed in the posterior−central region to avoid impingement in deep flexion (Fig. 1) .
Of the 133 patients with 152 TKAs, 21 patients (21 knees) received a CCK insert due to the presence of ligamentous instability and were excluded. Of the remaining 112 patients (131 knees), 54 (62 knees) received a standard PS insert, and 60 (69 knees) received an HF insert (two patients with staged bilateral TKA received a PS insert in one knee and an HF insert in the other) All 112 patients (131 knees) were considered for this study. The PS and HF inserts were used according to availability with a tendency to routinely use PS inserts at the beginning of the study period and HF inserts at the end.
Of the 112 patients (131 knees) with PS or HF inserts, 18 patients (20 knees; -12 PS/8 HF) were subsequently excluded: four patients (5 knees 3 PS/2 HF) were lost to follow-up before the first year. Nine patients (10 knees 7 PS/3 HF) would not come for follow-up but had a good result when contacted over the phone. Two patients (2 knees 1 PS/1 HF) would not come to follow-up and were unhappy with the result due to persistent knee pain. Two patients (2 knees 1 PS/1 HF) developed aseptic loosening of the patella, and one patient (1 knee HF) developed a deep infection. The remaining 96 patients (111 knees) were studied. For our matched-pair study that focused on endpoints pertinent to TKA (ROM, flexion, and need for MUA), the knee and not the patient was considered the unit of study. Consequently, 50 knees with a PS insert were matched with 50 knees with an HF insert for patient's age, gender, body mass index (BMI), and preoperative ROM. In addition, the preoperative diagnosis, preoperative flexion, patient-reported and physician-reported sections of the KSS, and the limb alignment as measured in the preoperative radiographs were similar between the two groups (Table 1) .
Outcome variables studied in the matched-pair group were passive ROM and gravity-assisted flexion, which were measured with a goniometer, and the patient-and physician-reported KSS at six weeks, four months, and one year after surgery. All measurements were obtained by the operating surgeon (AGDV). The incidence of manipulation was recorded and compared between groups. In order to determine whether HF TKA provides benefit to a selected group of patients with high preoperative flexion [18] , a separate analysis was performed for the subgroup of patients with high preoperative flexion (120°or more) ( Table 2) . Twenty-six patients (28 knees) with an HF insert and 26 (26 knees) with a PS insert were included in the secondary analysis. The preoperative variables analysed were similar in the two groups with high preoperative flexion ( Table 2 ).
All operations were performed using a combined spinal epidural anaesthetic supplemented by a femoral nerve block. Under tourniquet control that ranged between 200 and 300 mmHg, a standard midline incision measuring between four and seven inches (10-20 cm) and a standard medial parapatellar arthrotomy without patellar eversion was used in all patients. The tibial cut was made using an extramedullary guide referencing off the most normal side. The surgeon used a posterior tibial slope that approximately matched the patient's anatomy. The femur was prepared with an intramedullary guide set at 5°of valgus and using anterior referencing jigs. Rotation was determined by the posterior femoral condyles and using the epicondylar axis and Whiteside's line [39] in patients with anatomical abnormalities. Flexion and extension soft-tissue gap balancing was done with the use of spacer blocks in an attempt at obtaining equally symmetrical gaps. Resurfacing of the patella was performed in all cases. All implants were cemented.
Postoperative pain control was achieved with an epidural patient-controlled analgesic of a local anaesthetic and fentanyl for the first 24 hours postoperatively, progressing to oral analgesics as tolerated. Drains were used in all cases and removed on the first postoperative day. Rehabilitation was initiated on the day of surgery, with a continuous passive motion machine set at 0 to 60°, and patients were weight bearing, as tolerated. All patients received antibiotic prophylaxis. Pharmacological thromboprophylaxis included aspirin in 60% of patients. The remaining 40% who were considered at high risk of thromboembolism or were receiving Coumadin prior to surgery received Coumadin with a goal international normalized ratio (IRN) between 1.8 and 2. Pharmacologic thromboprophylaxis was similar in the two groups (p=0.68). Patients were discharged home or to inpatient rehabilitation units within three to four days after surgery and were seen in the surgeon's office at six weeks, four months, and one year after surgery. ROM and patient-and physician-reported KSS were obtained by the operating surgeon (AGDV) at each visit. In addition, to further assure comparability between the two groups, the standard radiographs in anteroposterior, lateral, and axial views that were obtained at the six week and one year visits were evaluated by an independent observer (AM). Postoperative radiographs were evaluated using the Knee Society Roentgenographic Evaluation System [4] . The PS and HF groups had similar femorotibial limb alignment (p=0.32), femoral component lateral alignment (p=0.22), and tibial slope (p=0.27).
Statistical analysis Propensity scores of receiving PS and HF given patient's age, gender, BMI, and preoperative ROM were obtained. Samples in the PS and HF groups with nearly equal propensity scores were selected and matched. The purpose of matching analysis was to remove bias in the background covariates and generate comparable PS and HF pairs [3] , Chi-square tests/Fisher's exact tests and two sample t tests were used to evaluate the significance of comparison between these two groups for discrete variables . Continuous variables were summarised by mean ± standard deviation (SD) of mean and range. Discrete variables were presented by frequency. We set the statistical significance at α=0.05. Power analysis was conducted, and 50 patients per group were required in order to detect an increase in ROM of 10% in the HF group at one year followup and achieve a power of 80%.
Results
When 50 pairs were considered, the ROM and flexion were similar between the two groups at each one of the postoperative visits (Table 3 ). Both the total ROM and the flexion showed a sharp increasing trend from six weeks to four months but with an almost indiscernible change after four months. The patient-and physician-reported portions of the KSS were similar between the two groups at each one of the postoperative assessments, with the exception of the physician-reported portion of the KSS at six weeks, which was higher in the PS group (p=0.03) ( Table 3 ). Both the patient-and physician-reported portions of the KSS showed a steep increasing trend from six weeks to four months but with an almost indiscernible change after four months. There was a nonsignificant difference in the incidence of MUA between the two groups (0/50 in the PS vs 3/50 in the HF, p=0.24).
The analysis of patients (28 knees in the HF and 26 knees in the PS) with a preoperative flexion ≥120°revealed that the total ROM and the flexion were similar between the two groups at each time period (Table 4) . Both ROM and flexion showed a sharp increasing trend from six weeks to four months but with an almost indiscernible change after four months. The patient-and physician-reported portions of the KSS were similar between the two groups at each one of the time periods, with the exception of the physicianreported portion of the KSS at four months, which was higher in the PS group (p=0.003) ( Table 4 ). Both the patient-and physician-reported portions of the KSS showed a steep increasing trend from six weeks to four months but with an almost indiscernible change after four months. There was no difference in the incidence of MUA between the two groups (0/26 in the PS vs 2/28 in the HF, p=0.5).
Discussion
The modifications introduced in HF TKA designs are aimed at improving knee kinematics in high flexion. Most of the design changes in HF implants have been made on the polyethylene insert, which is the case of the TKA design used in our study. The most frequent changes in HF TKA designs can be summarized as follows: First, a deep recess on the anterior aspect of the insert and post reduces impingement with the extensor mechanism in high flexion [2, 23, 35] . Second, removal of polyethylene from the posterior aspect of the articulating surface relaxes the posterior slope of the insert, opens the flexion gap while maintaining the bone stock of the tibia, facilitates femoral roll back [2, 13] , and reduces the torsional constraint that limits rotation of the components [15, 35] . Third, some [23, 35] . This modification increases the articulating surface on the posterior aspect of the femoral condyles and consequently reduces the contact pressures in high knee flexion. This prevents posterior "edge loading" of the prosthetic condyles on the tibial insert and increases the arc of flexion. Fourth, in some HF designs, there are modifications of the campost mechanism to increase resistance to subluxation [10] and enhance posterior tibial translation [14, 35] . Some cruciate-retaining HF TKA designs include a chamfered medial border of the lateral femoral condyle to provide clearance to the posterior cruciate ligament in high flexion [22] . Despite the improved knee kinematics in high flexion introduced by the previously mentioned changes, it is still unclear whether these HF designs will actually improve clinical ROM and function [6] . It is also questionable whether they provide better flexion to all patients or if they benefit only a selected group of patients with high preoperative flexion [18] . Our study was designed to address these questions. We found no differences in postoperative knee flexion, ROM, or KSS between the two groups one year after surgery. The prevalence of MUA was also similar. The results were not significantly different when only patients with high preoperative flexion were analyzed.
Our study has limitations First, it was retrospective, and therefore, the potential for selection bias cannot be excluded. However, selection bias is unlikely, as the senior author (AGDV) used PS inserts routinely at the beginning of the study and gradually started to use HF inserts routinely according to availability. Moreover, all preoperative variables analysed in the PS and HF groups were similar, discrediting the possibility of selection bias. To overcome this limitation, we performed a computergenerated matched-pair analysis based on age, gender, BMI, and preoperative ROM; and a strict comparison of diagnosis, preoperative KSS, and deformity between the groups (Tables 1 and 2 ). Second, the postoperative KSS and angular measurements were obtained by the operating surgeon (AGDV). The use of a single-observer eliminates interobserver variability in the measurements. However, it introduces the possibility of recollection bias. The senior author is a high-volume surgeon, and it is unlikely that he would remember the type of insert used for each patient at each one of the follow-up time periods. Third, we used passive (gravity-assisted) flexion as the final outcome measure. Maximum flexion achieved during kneeling or squatting was not evaluated and may differ in patients who receive PS or HF TKAs. Coughlin et al. [2] analysed patients who achieved high flexion following TKA with PS and HF designs and showed that although clinical gravityassisted flexion was similar in both groups (128°and 129°, respectively), maximum weight-bearing flexion measured during kneeling or squatting was better in the high flexion group (118°and 125°, respectively, p<0.05) [2] . Fourth, no patient outcome measures for satisfaction were analysed. Patient satisfaction may not be accurately reflected by the KSS and the ROM measured in our study. Outcome measures more sensitive than the KSS may be required to assess the clinical benefits of high flexion [21, 38] . Finally, anterior knee pain, which may be associated with deepflexion activities, was not analysed, as it is not distinguished in the KSS. However, the KSS evaluates activities that involve the use of the patellofemoral joint. In our study, The strengths of this study include the fact that it consisted of a consecutive series of patients operated upon by a single surgeon with a standardized surgical technique and identical implant design; and the rigorous matched-pair analysis and comparison of preoperative and postoperative variables. Based on the previous discussion of our shortcoming and strengths, we believe that our analysis allowed us to adequately address our research questions.
Our study and five others in the literature [14, 20, 22, 27, 29] failed to prove an increase in flexion with the use of HF TKAs. However, there is evidence that suggests that HF TKA designs may improve intraoperative passive ROM and postoperative maximum weight-bearing flexion. These variables were not evaluated in our study. Klein et al. used computer navigation to measure the intraoperative ROM of 27 TKAs and demonstrated that the use of an HF insert was associated with an increase in extension, flexion, and overall ROM when compared with a standard PS insert [15] . In addition, the previously discussed study of Coughlin et al. [2] showed that an HF TKA design achieved higher maximum weight-bearing flexion, such as the one required for kneeling and squatting, than did a standard PS-design TKA. On the other hand, the modifications introduced in the HF TKA designs have potential downsides: The increase in the relative posterior slope of the insert achieved by removing material from the posterior aspect of the insert can result in anterior insert impingement [2] , particularly if the surgeon inadvertently implants a tibial tray with excessive posterior slope. The removal of polyethylene from the posterior aspect of the insert may increase polyethylene contact stresses. Nagura et al. found that deep-flexion activities generate one to 13 times larger net quadriceps moments (average five) than does walking [25] . This may increase patellofemoral joint stresses, with the potential for causing pain, excess wear, patellar fracture, and loosening [9, 32] . Han et al. reported a 38% prevalence of femoral component loosening in the LPS HF TKA at a mean follow-up of 2.7 years in patients engaging in weight-bearing, high flexion activities [9] . Some HF femoral components also require a larger bone resection [32, 33] . [23] . Despite the previously mentioned concerns, the use of HF TKA designs has become popular, and the literature reporting on their clinical and biomechanical aspects is encouraging (Table 5) . Though intuitively patient satisfaction following surgery may be associated with the achievement of high flexion, the literature has proven otherwise [10, 13, 14, 29, 31] . Park et al. analysed ROM and clinical outcomes as measured by KSS, WOMAC, and SF-36 in 207 Korean patients (333 knees) one year following TKA. There was only a weak correlation between postoperative maximum flexion and pain relief, function, and quality of life [31] . In our KSS analysis, the patient-reported portion regarding pain while walking, while negotiating stairs, and at rest was similar in the PS and HF groups one year after surgery (p=0.68; p= 0.37; p=0.35; p=0.57, respectively). Huang et al. evaluated the function and ROM of PS and HF TKA and reported that patients with HF TKA were able to squat more frequently than those with a PS TKA (80% vs 32%, respectively). However, none of the patients who were able to squat adapted to activities that demanded high flexion; moreover, 43% of those who were able to squat could not stand up without support. They concluded that squatting and other high-flexion activities played no role in patient's satisfaction from surgery [10] .
The literature results comparing HF and PS TKA designs continue to be inconclusive and are probably design and surgeon dependent [6, 10, 13, 18, 20, 21, 28, 29, 38] . Table 5 outlines results from different studies comparing PS and HF TKA designs. Three of the four prospective randomised trials that compared the use of a PS and an HF TKA design failed to show differences in ROM [14, 20, 29] . The remaining study by Weeden et al. did report better flexion in the HF group compared with the PS group (133°and 120°, p<0.05) [37] .
MacDonald et al. suggested that larger series of patients and registry data may demonstrate benefits of the HF designs better than smaller studies [18] . The authors studied a consecutive cohort of 2,523 patients using the Genesis 2 CR, PS, and HF designs. They found that preoperative flexion remained the most significant factor affecting postoperative ROM. However, the use of the HF inserts improved the chances of patients with high preoperative flexion to regain flexion postoperatively [18] . In a randomised controlled trial of 100 patients receiving a Genesis 2 TKA with a standard or HF insert, the same authors failed to demonstrate a clinically significant difference between the two groups [20] . A recent metaanalysis by Gandhi et al. concluded that HF implant designs improve the overall ROM compared with traditional implants but offer no clinical advantage in primary TKA [6] . In a systematic literature review focusing on outcomes after HF TKA, Murphy et al. found that there was insufficient evidence to support the view that these new TKA designs improved ROM or functional performance [24] . This review included nine studies [1, 8, 10, 14, 17, 27, 29, 34, 37] with 399 HF TKAs in 370 patients. They conclude that the claims of greater flexion, ROM, and function for HF TKA reported in some of those studies were not supported due to poor study designs, short follow-up periods, inadequate blinding, and use of functional outcome measures that lacked sensitivity [24] .
Our retrospective study found that at one year after surgery, both PS and HF inserts allow achievement of adequate flexion, ROM, and function in the majority of patients. Flexion, ROM, KSS, and MUA rate at one year of follow-up were similar in both groups.
